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Abstract 
This paper deals with the motion analysis of ski turns using the joint torque of skier and the gliding velocity. In this study, we 
used the inertial and magnetic field sensors, 6-axis force sensors and the GPS receiver for the motion measurement of skier. The 
joint angles and torque of skier and the gliding velocity are estimated from the measurement information by using the Kalman 
filter, the Extended Kalman filter and the Newton-Euler method. We conducted the measurement experiment of carving and 
skidding turns by skier gliding on an alpine ski slope, and we estimated the joint torque of skier and the gliding velocity. The 
analytical results by the joint torque of skier showed the force information about the usage of side curve in carving turns and the 
usage of side skidding in skidding turns. The analytical results by the gliding velocity showed the smoothness of turns and the 
effect by side skidding of skis. The analytical results by combining the joint torque and the gliding velocity indicated the 
relationship between the control force of skier and the change of gliding velocity. We could indicate the factors of mechanism of 
ski turns and the major features of ski turns. These results can be used to clarify the mechanism of ski turns. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the School of Aerospace, Mechanical and Manufacturing Engineering, RMIT University. 
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1. Introduction 
Skiing is a typical sport in winter. Skiing has progressed with the improvement of technique and the development 
of new equipment such as carving ski. The many studies about skiing have been conducted such as the development 
of ski robot [1], and the analysis about relationship between snow and ski [2]. Furthermore, the measurement and 
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analysis of ski turns in gliding on the alpine ski slope such as the pressure measurement of ski using strain gages and 
potentiometer [3], and the biomechanical analysis of skier using inertial and foot pressure sensors and GPS receiver 
have been conducted [4]. However, few studies of skier gliding on the alpine ski slope have been conducted. It is 
necessary for clarifying the mechanism of ski turns to measure and analyze skis and skier in ski running on the 
alpine ski slope. In the previous studies, we conducted the motion analysis of skier gliding on the alpine ski slope by 
the measurement of the motion of skier, the reaction force from snow surface and the gliding trajectory. In these 
studies, we have used the inertial and magnetic field sensors, the 6-axis force sensor and the GPS receiver, and we 
estimated the 3D posture and calculated the joint torque of skier [5, 6] and the 3D gliding velocity in ski running on 
an alpine ski slope [7]. 
In this study, we conducted the motion measurement of carving and skidding turns by skier gliding on the alpine 
ski slope, and the joint torque of skier and the gliding velocity of turns were estimated. In the motion analysis, we 
conducted the comparison of carving and skidding turns using the joint torque of skier and the gliding velocity. The 
analytical results can be used for clarifying the mechanism of ski turns.  
2. Measurement system of joint torque and gliding velocities 
In this study, we use the motion measurement system installing inertial and magnetic field sensors, the 
measurement system of reaction force from snow surface installing the force sensors, and the GPS receiver for the 
measurement of gliding trajectory. These measurement systems and the setting positions of measurement systems 
are shown in Fig. 1. The motion measurement system consists of three gyro sensors (Analog Devices, ADIS16100), 
3-axis acceleration sensor (Hitachi Metals, H30CD), and 3-axis magnetic field sensor (Aichi Steel, AMI304) 
measures the 3-axis angular velocity, 3-axis acceleration and 3-axis magnetic field. The measurement system of 
reaction force from surface measures the 3-axis force vectors and the 3-axis moment vectors by 6-axis force sensors 
(Nitta Corporation, IFS-105M50A220-I63). The measurement system of gliding trajectory measures latitude, 
longitude and altitude by the GPS receiver (ETEK NAVIGATION, FV-M8).  The sampling frequency of the 
measurement systems of motion and reaction force from snow surface are 100Hz, and that of the GPS receiver is 
5Hz. The information is collected by the PC in the backpack of skier, and the signals are synchronized by the control 
from the PC. 
 
 
Fig. 1 Measurement systems and setting positions of systems 
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3. Estimation method of joint torque and gliding velocities 
3.1. Joint torque estimation 
In this study, the hip joint torque is used for the motion analysis of ski turns. The hip joint torque is estimated by 
combining the estimation method of 3D posture using the sensor fusion by the Extended Kalman filter and the 
Newton-Euler method in the previous study [6]. The estimation method of 3D posture estimates the Roll-Pitch-Yaw 
angles in local coordinate by using the information of the two inertial sensor units, and this method avoids the effect 
of dynamic acceleration. The angular velocity and angular acceleration are represented by using the gyro sensor 
output and the time differential of angular velocity. The acceleration of joint is calculated by the acceleration sensor 
output, angular velocity, angular acceleration and the position vector from the position of sensors to the joint. The 
skier is assumed as the 3D rigid link model. The upper body link is assumed as the base link, and the foot links are 
assumed as the terminal links. In this study, we use the hip joint torque for the motion analysis. The block diagram 
for estimation of joint torque is shown in Fig. 2. 
 
Fig. 2 Block diagram for estimation of joint torque 
3.2. Gliding velocity estimation 
The gliding velocity is estimated by using the acceleration and GPS receiver output [7]. The block diagram for 
estimation of gliding velocity is shown in Fig. 3, where Ax, Ay, Az are the acceleration sensor outputs, Px GPS, Py GPS, 
Pz GPS are the GPS receiver outputs, g is the gravity acceleration, 0Ax, 0Ay, 0Az are the acceleration reducing the 
gravity acceleration in global coordinate system and 0Px, 0Py, 0Pz are the position in global coordinate system and the 
0Vx, 0Vy, 0Vz are the velocity in global coordinate system.  The GPS receiver outputs (latitude, longitude and altitude) 
are translated to the position (meter). The acceleration sensor output is translated to global coordinate and the gravity 
acceleration is subtracted from the output.  
The translation of the gliding velocity to global coordinate is used to the rotational matrix 0Ri from the sensor 
coordinate to global coordinate system. The rotational matrix is calculated by the Roll-Pitch-Yaw angles φ, θ, ψ in 
global coordinate system, and the Roll-Pitch-Yaw angles in global coordinate system are estimated by applying the 
estimation method of 3D posture in global coordinate system to the information of inertial and magnetic field 
sensors. The 3D gliding velocity in global coordinate system is translated to the ski boot coordinate iVx, iVy, iVz for 
the motion analysis.  
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Fig. 3 Block diagram for estimation of gliding velocity 
4. Experiment 
4.1. Experimental condition 
We conducted the measurement experiment by skier gliding on an alpine ski slope. The measurement systems 
were attached to the skier, and the skier conducted the carving and skidding turns in the experiment. We obtained 
the measurement information, and we estimated the joint torque (Lumber, hips, knees and ankles) of skier, and the 
right hip joint torque was used to the motion analysis. The gliding velocity in carving and skidding turns were 
estimated by using the measurement information of system attaching to the right ski boot and the measurement 
system of gliding trajectory. The measurement time is 30sec in the experiment. We focused the results of a left turn 
and a right turn for analyzing in detail.  
4.2. Results  
Results for the right hip joint torque of skier in carving and skidding turns are shown in Fig. 4. These results were 
focused to the information of a left turn and a right turn for the motion analysis, where the black solid line shows the 
switchovers identified by the gliding trajectory of GPS receiver.  
In the results of carving turns, the adduction torque of right hip joint was generated in the left turn (Fig.4). This 
result indicates that the skier used the adduction torque for conducting carving turns using the side cut of ski. In the 
results of skidding turns, the abduction and extension torque of right hip joint were generated in the left turn (Fig.5). 
These results indicate that the abduction and extension torque of outside foot were used for generation of side 
skidding of skies. Therefore, the hip joint toque of outside foot was used in both carving and skidding turn, and the 
difference of methods used for force were indicated by the results. 
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Fig. 4 Right hip joint torque in carving turns     Fig. 5 Right hip joint torque in skidding turns 
 
 
                   
Fig. 6 Right hip joint torque and gliding velocities in carving turns             Fig. 7 Right hip joint torque and gliding velocities in skidding turns 
       (in left turn)             (in left turn) 
 
 
Results for the estimated gliding velocity of X-axis direction and Y-axis direction components and the hip joint 
torque of adduction-abduction and flexion-extension in a left turn are shown in Fig. 6 and Fig. 7. The gliding 
velocity is represented by Eq. (1), where V is gliding velocity, v is translational component of velocity, ω×r is 
rotational component of velocity, ω is angular velocity, r is radius gyration of turns and [×] is cross product. 
 
(1) 
 
In the results of gliding velocity of Y-axis direction, the translational component indicates the side skidding of 
ski, and the rotational component indicates the rotational velocity of turns. The Y-axis direction component of 
gliding velocity in carving turns is smoother change than the velocity in skidding turns. These results indicate that 
the Y-axis direction component of gliding velocity in carving turn was mostly rotational component and the velocity 
in skidding turn was included the effect of side skidding of ski. In the result of carving turn, the Y-axis direction 
component of gliding velocity augmented with the augmentation of hip adduction torque in middle of the turn. 
Then, the X-axis direction component of gliding velocity was decremented in middle of the turn. These results were 
used the side curve of ski by the adduction torque and external torque, and the X-axis direction component of 
gliding velocity was transformed for the turn to  the Y-axis direction component of gliding velocity. In the result of 
skidding turn, the Y-axis direction component of gliding velocity was decremented with the generation of hip 
rvV ×+= ω
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abduction torque in middle of the turn. This result indicates the side skidding of ski was produced by the abduction 
and extension torque. We could indicate the difference of the characteristics of gliding velocities and the methods 
used for forces of skier in carving and skidding turns in ski running on an alpine ski slope. The factors for clarifying 
the mechanism of ski turns could be obtained by the analytical results. 
5. Conclusion 
In this study, we conducted the motion analysis of ski turns using the joint torque of skier and the gliding 
velocity. The results of motion analysis using the joint torque indicated the difference of turn methods between the 
carving and skidding turns. Furthermore, we indicated the generation mechanism of gliding velocity about carving 
turns, and the effect of side skidding of ski in skidding turns was indicated by the analysis using the joint torque and 
the gliding velocity. These analytical results can be used to clarify the mechanism of ski turns, to evaluate the skill 
of skier and to develop the efficient turn methods. This system is heavy, and the measurement range is limited. 
Therefore, this system will be improved for application to many skiers and motion measurement and analysis at high 
speed. 
References 
[1] T. Yoneyama, H. Kagawa, M. Unemoto, T. Iizuka, N. W. Scott, A Ski robot system for qualitative modeling of the carved turn, Sports 
Engineering, 2009, 11, 131-141. 
[2] P. Federolf, M. Roos, A. Luthi and J. Dual, Finite element simulation of the ski-snow interaction of an alpine ski in a carved turn, Sports 
Engineering, 2010, 12, 123-133. 
[3] A. Subic, P. Clifton, J. Beneyto-Ferre, A. Leflohic, Y. Sato, V. Pichon, Investigation of snowboard stiffness and camber characteristics for 
different riding styles, Sports Enginnering, 2009, 11, 93-101. 
[4] M. Brodie, A. Walmsley, W. Page, Fusion motion capture: a prototype system using inertial measurement units and GPS for the 
biomechanical analysis of ski racing, Sports Technology, 2008, 1-1, 17-28. 
[5] A. Kondo, H. Doki, K. Hirose, An attempt of a new motion measurement method for alpine ski turns using inertial sensors, The Engineering 
of Sport 9,  2012, pp. 421–426. 
[6] K. Hirose and H. Doki, A. Kondo, Dynamic analysis and motion measurement of ski turns using inertial and force sensors, The impact of 
sports technology on sport V, 2013, pp. 365–360. 
[7] K. Hirose, H. Doki, A proposal for the motion analysis method of skiing turn by measurement of orientation and gliding trajectory,  The 
impact of sports technology on sport IV, 2011, pp. 17–22. 
